Motility of Bacillus subtilis was inhibited within a few minutes by a combination of valinomycin and a high concentration of potassium ions in the medium at neutral pH. Motility was restored by lowering the concentration of valinomycin or potassium ions. The valinomycin concentration necessary for motility inhibition was determined at various concentrations of potassium ions and various pH's. At pH 7.5, valinomycin of any concentration did not inhibit the motility, when the potassium ion concentration was lower than 9 mM. In the presence of 230 mM potassium ion, the motility inhibition by valinomycin was not detected at pH lower than 6.1. These results are easily explained by the idea that the motility of B. subtilis is supported by the electrochemical potential difference of the proton across the membrane, or the protonmotive force. The electrochemical potential difference necessary for motility was estimated to be about -90 mV.
Motility of Bacillus subtilis was inhibited within a few minutes by a combination of valinomycin and a high concentration of potassium ions in the medium at neutral pH. Motility was restored by lowering the concentration of valinomycin or potassium ions. The valinomycin concentration necessary for motility inhibition was determined at various concentrations of potassium ions and various pH's. At pH 7.5, valinomycin of any concentration did not inhibit the motility, when the potassium ion concentration was lower than 9 mM. In the presence of 230 mM potassium ion, the motility inhibition by valinomycin was not detected at pH lower than 6.1. These results are easily explained by the idea that the motility of B. subtilis is supported by the electrochemical potential difference of the proton across the membrane, or the protonmotive force. The electrochemical potential difference necessary for motility was estimated to be about -90 mV.
Bacillus subtilis cells are peritrichous and swim by rotating the flagella in a bundle (2, 18) . Larsen et al. (6) reported that the source of energy for bacterial motility is an intermediate in oxidative phosphorylation, not ATP directly. Thipayathasana and Valentine (20) reached a similar conclusion from the analysis of energy dependence of the phage X infection in Escherichia coli. In his chemiosmotic hypothesis, Mitcheli (4, 10) assumed that the intermediate that works as an energy source is the protonmotive force across the membrane. This hypothesis has been successfully applied to active transport in various biological systems including bacteria (4, 5, 19) .
As suggested by Harold (4, 5) and Skulachev (19) in their review articles, it is valuable to detennine whether bacterial motility can be supported by the protonmotive force. The protonmotive force across the membrane consists of two factors: the electrical potential difference (A4) and the chemical potential difference of proton (ApH). Valinomycin forms a lipid-soluble complex with K+ or Rb+ and increases the membrane permeability of those ions (11, 17) . Therefore, in the presence of valinomycin, A4i can be easily varied by changing the K+ or Rb+ concentration in the medium (7) . In this work, we have varied A4' and ApH separately and obtained results indicating that protonmotive force is required for bacterial motility.
MATERIALS AND METHODS
Bacterial strain and culture condition. Bacillus subtilis BC26 (phe-12 argA ery) was obtained from N. R. Cozzarelli of the University of Chicago via F. Tamanoi of this Institute. Cells were grown in tryptone broth containing 1% tryptone (Difco Laboratories, De- troit, Mich.) and 0.5% NaCl at 35°C until the cell concentration reached about 8 x 107 cells per ml.
Chemicals. Valinomycin was purchased from Calbiochem (La Jolla, Calif.) and was dissolved in methanol.
Motility media. The K+ motility medium contained 200 mM KCI, 10 mM potassium phosphate buffer (pH 7.0), 0.1 mM potassium ethylenediaminetetraacetic acid, and 10 mM potassium succinate. The Na+ motility medium contained 200 mM NaCl, 10 mM sodium phosphate buffer (pH 7.0), 0.1 mM sodium ethylenediaminetetraacetic acid, and 10 mM sodium succinate. To vary the K+ concentration, K+ medium and Na+ medium were mixed, keeping the total ion content constant. An Rb+ motility medium containing 200 mM RbCl, 10 mM sodium phosphate buffer (pH 7.0), 0.1 mM sodium ethylenediaminetetraacetic acid, and 10 mM sodium succinate was also used. To change pH of the medium, 1 N HCI or 1 N NaOH was added.
Measurement of motility. Cells were harvested either by centrifugation at 3,400 x g for 8 (Fig. 1) . Concentrations of valinomycin lower than 0.01 ,tg/ml had no effect on the motility after 10 min of incubation at 300C. The viability of the cell was maintained even in the presence of 10 ,ug of valinomycin per ml (Table 1) . Thus, the motility inhibition was not due to a lethal effect of valinomycin. aCells were incubated at 30°C under the same conditions as described in the legend for Fig. 1 , and colony-forming units were measured. Values are expressed as the percentage at zero time of the control, which was measured immediately before the addition of valinomycin.
b Valinomycin was added to 10 ,ug/ml, and the final methanol concentration was adjusted to 0.1%.
The motility inhibition by valinomycin depended on the cation species in the medium. In the presence of K+ (230 mM), 1 ,ug of valinomycin per ml caused more than a 50% reduction of the motile fraction after 3 min at 300C, and 10 ,ug of valinomycin per ml made most of the cells nonmotile (Fig. la) . In Rb+, valinomycin was similarly effective (data not shown). However, in the presence of Na+ (230 mM) without K+, 10 ,ug of valinomycin per ml had little effect after 3 min of incubation (Fig. lb) . These results indicate that the motility inhibition observed was due to the characteristic action of valinomycin as an ionophore for K+ or Rb+.
When the cells were incubated for a long time with a high concentration of valinomycin, motility was gradually lost even in the absence of K+ in the medium (Fig. lb) (Fig. 2) . Valinomycin did not alter the K+ content of the cell in the Na+ motility medium (data not shown). The motility inhibition by valinomycin was reversible. Cells in the K4 motility medium were incubated with 2 ,ug of valinomycin per ml for 60 min until most of the cells lost motility. Then, the cells were diluted 11-fold by the K4 motility medium without valinomycin or by the Na+ motility medium with or without valinomycin (Fig. 3) . In every case, quick recovery of motility was observed.
Effect of pH on the valinomycin action. When the pH of the medium containing 230 mM K+ was varied in the absence of valinomycin, motility was maintained over a wide range of pH's from 4 to 8 (Fig. 4a) . Further increases in pH caused a gradual decrease of the motile fraction. In the presence of 10 ,ug of valinomycin per ml, motility was lost at pH 7.0, as described above. However, lowering the pH below 7.0 resulted in the suppression of the motility inhibition by valinomycin (Fig. 4b) . Since the pH in the bacterial cell remains at about 7.5 independent of pH in the medium (1, 13, 14) , lowering the pH of the medium should cause an increase of the pH gradient. Therefore, it is likely that the motility inhibition due to a decrease in the electrical potential difference of proton (A4') was compensated for by an increase in the chemical potential difference (ApH).
This idea is supported by the fact that the critical value of pH for the motility inhibition by valinomycin increased with decreasing K+ concentration in the medium (Fig. 4b) .
Relation between threshold valinomycin concentration for motility inhibition and pH or potassium ion concentration. In the presence of 230 mM K4 in the medium, the concentration of valinomycin required for motility inhibition increased with decreasing pH of the medium (Fig. 5) . The valinomycin concentration at which the motility inhibition began to appear was defined as the threshold concentration. The relation between the threshold concentration and pH is shown in Fig. 6 . At a pH lower than 6.1, valinomycin had no effect on the motility, even in the presence of 230 mM K+. Recovery from the motility inhibition of valinomycin. Cells in the motility medium containing 100 mM KCI-10 mMpotassium phosphate buffer (pH 7.0) were incubated at 30"C with 2 pg of valinomycin per ml for 60 min until most of the cells lost their motility. The cells were then diluted 11-fold by the motility media described below. At intervals, a portion was put on a glass slide, and the motile fraction was measured. Symbols: 0, 100 mM KCI-10 mM potassium phosphate buffer (pH 7.0) containing 2 pg of valinomycin per ml; A, 100 mM KCI-10 mMpotassium phosphate buffer (pH 7.0); 4, 100 mM NaCI-10 mM sodium phosphate buffer (pH 7.0) containing 2 pg of valinomycin per ml; 0, 100 mM NaCI-10 mM sodium phosphate buffer (pH 7.0). Relationship between threshold concentration of valinomycin for motility inhibition and pH of the K+ motility medium. Threshold concentrations of valinomycin in the presence of230 mM K+ were read from the data ofFig. 4 and 5 and those obtained from the experiments performed at different pH's (original data are not included in Fig. 4 and 5) . A longitudinally enlarged figure is inserted. The hyerbola was drawn according to equation 6 in the text, with suitable values of parameters to fit the experimental data; the dotted line is its asymptote.
When the pH of the medium was fixed at 7.5, the valinomycin concentration required for motility inhibition decreased with increasing concentrations of K+ (Fig. 7) . Figure 8 shows the relation between the K+ concentration in the medium and the threshold valinomycin concentration for motility inhibition obtained at pH 7.5. Valinomycin had no effect on motility at K+ concentrations lower than 9 mM. Fig. 7) . A longitudinally enlarged figure is inserted. The hyperbola was drawn with the same values of parameters as those in Fig. 6 ; the dotted line is its asymptote. Bacterial celLs extrude protons by a pump asociated with oxidative phosphorylation or glycolysis and produce the inside-negative membrane potential (4, 5, 14) . The permeability of the bacterial membrane for most ions is small (4, 5) , and its penneability for K+ is specifically increased by valinomycin (11, 17) . Therefore, we posit the following equation based on an equivalent-circuit model. The total current across the membrane from inside to outside consists of three components:
I:m IP + gH(E -EH) + gK(E -EK) (1) where Ip is the proton current due to the pump; g8 and gK are conductivities of proton and K+ in the membrane, respectively; E is the membrane potential; and EH and EK are the equilibrium potentials of proton and K+. They are written as
where R is the gas constant, T is the absolute temperature, and F is the Faraday constant.
[K+]o, [KWI1, [H+] (6) Therefore, at a constant concentration of K+, the relation between the threshold concentration of valinomycin and pH is hyperbolic. In Fig.  6 , the solid line is a hyperbola drawn according to equation 6 with suitable values of parameters. The hyperbola in Fig. 8 was drawn with the use of the same values of parameters. Experimental data obtained at valinomycin concentrations higher than 0.1 yg/ml show good agreement with the theoretical curves. The discrepancy at lower valinomycin concentrations might be due to the neglected contribution of the permeability of ions other than K+ and protons.
Most of the experimental data presented above were obtained after 3 min of incubation with valinomycin. There might be some deviation from the stationary state to which the equivalent-circuit model of equation 1 would be applicable. However, good agreement of the theoretical curve with experimental data indicates that the above treatment is approximately plausible.
B. subtilis was used in our experiment because it has a high sensitivity to valinomycin. We have recently shown that B. subtilis can swim without ATP (9), similarly to E. coli (6) ; furthermore, it is made motile by an artificial protonmotive force in a starved condition (9 
